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Estimates of zooplankton biomass were made by use of a LECO Carbon
Analyzer. The methodology developed in this study is a rapid (70 seconds
per sample), precise (±3%) and accurate (±3%) measurement of total carbon.
Casein and benzoic acid were used interchangeably as standards. The tech-
nique was further tested on Tigriopus caiifornicus which yielded a value
of 38.6% C by weight. Estimates of total, living, and dead zooplankton
biomass were made in a joint experiment by carbon analysis and ATP-C mea-
surements. Field studies in Monterey Bay demonstrated a definite seasonal
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I. INTRODUCTION
The sea contains within its volume inhomogeneities of many different
kinds, ranging in size from microscopic particles to schools of fish.
"These inhomogeneities form discontinuities in the physical properties
of the medium and thereby intercept and reradiate a portion of the
acoustic energy incident upon them. This reradiation of sound is called
scattering and the sum of the scattering contributions from all scat-
ters is reverberation. It is heard as a long, slowly decaying, quivering
tonal blast following the ping of an active sonar system and is often
the primary limitation on system performance" (Urick, 1967).
In recent years it has become clear that volume reverberation or
sound scattering strength (see Appendix A for explanation of these terms)
is associated with variations in populations of marine organisms whose
density and distributions are closely dependent on the zooplankton and
other links in the food chain.
A. BACKGROUND
Traganza and Stewart (1973) accumulated a data base of volume re-
verberation measurements at 3.5 kHz for the development of a prototype
model for forecasting operationally useful information to the fleet.
Tnrough the use of a regression equation, volume reverberation coverage
was extended to most of the Northern Hemisphere on the basis of histor-
ical zooplankton data.
"There are a number of obvious reasons why there may be disagreement
between current predicted volume reverberation from the zooplankton
model and observed volume reverberation. Some can be attributed to
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questionable uncalibrated scattering strength observations, poor zoo-
plankton estimates, the lack of a sufficient number of observations to
make significant regression analyses for all oceans, a need for a better
understanding of food chain dynamics, and a better delineation of
hydrographic, acoustic, and biological provinces" (Traganza and Stewart,
1973). It is the intent of this study to more accurately define zoo-
plankton estimates of biomass for possible effective acoustic modeling.
B. OBJECTIVE
The objective of this thesis has been to evaluate carbon analysis
for the chemical measurement of zooplankton biomass. The three phases
of this research which were accomplished to make this evaluation in-
cluded the following:
(1) An investigation of the capabilities of the LECO*Carbon Analyzer,
which employs high-temperature dry combustion and a. thermal conductivity
sensor, to measure carbon in benzoic acid and casein was conducted. The
biomass measurement using carbon analysis was tested by the determination
of carbon content in a single marine copepod species, Tigriopus calif01-
nicus.
(2) An estimate of the ATP (adenosine triphosphate) - carbon to
total carbon ratio in this species was also determined in a joint ATP
and carbon experiment with Dr. Traganza. This ratio was later employed
to determine the living biomass of field net samples.
(3) Estimates of total, living, and dead biomass of oceanic popula-
tions were made from three cruises in the Monterey upwelling area. In
short, a rapid (70 seconds on dry samples) and accurate (±3%) total
particulate carbon analysis was developed and combined with ATP measure-
ments for the determination of total, living, and dead zooplankton biomass
*Laboratory Equipment Corporation

C. CARBON AS A MEASUREMENT OF ZOOPLANKTON BIOMASS
Many researchers, e.g. Cushing (1959), Beers and Stewart (1970),
and Mullin (1969), have been concerned with the distribution of the
standing crop of zooplankton over characteristic regions of the ocean.
The preferred measure of zooplankton biomass is the total amount of
zooplankton under a unit area of sea surface expressed in terms of
2
organic content or weight of dry organic substances {e.g. mg carbon/m ).
The standing stock of plankton samples is also reported as the amount of
zooplankton in a unit volume of water. "For various reasons, zooplankton
sampling is presently inadequate to obtain a meaningful measure of
zooplankton biomass as defined above. Various measures of amount are
currently used, including displacement volume, wet weight, ash-free dry
weight, dry weight and weight of dry organic matter."(National Academy
of Sciences, 1969).
There is some prospect that it may be possible to estimate zoo-
plankton biomass and production using chemical means. Sutcliffe (1965)
has used deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) deter-
minations for this purpose with some success. Also, possibilities do
exist for the measurement of zooplankton biomass using the phytoplankton
adenosine triphosphate (ATP) method of Holm-Hansen and Booth (1966).
Some enzyme determinations have already been utilized for the deter-
mination of biomass (Aleem, 1955).
The measures of zooplankton most commonly used in the past have
been displacement volume and wet weight (Nakai and Honjo, 1962). The
displacement volume is determined on a drained plankton sample. It is
not a measure of zooplankton alone but includes the interstitial liquid
held between and by the bodies of planktonic organisms. Interstitial
12

liquid commonly accounts for 30 to 40 percent of volume of the sample.
Wet weight determinations are made on plankton after blotting. Most
of the interstitial liquid will have been removed before weighing, but
"over-drying" of the plankton should be avoided. Zooplankters can differ
markedly in the amount of organic constituents in their bodies per unit
volume (water plankters such as salps compared with crustacean plankters
such as copepods). The only consistent measure of biomass appears to
be the amount of dry organic matter per unit volume of water sampled
(National Academy of Sciences, 1969). Such analyses have been published
by Krey (1958) and Curl (1962).
Previous approximations of biomass have been calculated in terms of
organic content by Beers and Stewart (1970) for various size groups of
microzooplankton (20-200 ym) . From the volume estimates assuming a
specific gravity of one, a water content of 80 percent of the wet weight,
and organic carbon as 40 percent of the dry weight, carbon is computed
to be 0.08 times the volume. This common type of approximation leads to
highly inaccurate biomass carbon estimates and points out the need for
a rapid and accurate determination of biomass the result of which are
2
values directly expressable in mg-C/m . For this reason direct carbon
analysis of freeze-dried plankton was pursued. Measurement of carbon
by high temperature dry combustion represents a rapid and accurate




Carbon comprises close to 50% by weight of the organic matter in
living organisms (Curl, 1962). Piatt et al. (1969) found a high degree
of correlation (r = 0.94) between the carbon content and calorific
equivalent of marine zooplankton. Thus, organic carbon analysis may
provide the most sensitive and reliable test of the energy content of
the biogenous material in marine organisms. Its measurement should be
equatable to the biomass of zooplankton. Despite the abundance of
carbon, it is one of the most difficult elements to measure. For ex-
ample, the presence of carbonate (considered inorganic carbon) in many
marine organisms provides an added complication in measuring organic
carbon. Curl (1962) points out that washing plankton with distilled
water to remove chloride in interstitial seawater which can also inter-
fere with carbon analyses can result in an appreciable loss for water-
soluble carbon containing compounds from the organisms.
A. BACKGROUND OF CARBON ANALYSES
If seawater is filtered through a membrane filter on the order of
0.45 ym pore size, the organic carbon retained on the filter is referred
to as "particulate carbon." The organic carbon passing through the
filter is termed "dissolved" . The particulate fraction is small and in
oceanic waters rarely exceeds a few percent of the total organic carbon
(Sharp, May, 1973) and at times the carbon content is determined on
unfiltered samples. Thus, for evaluating carbon analysis of zooplankton
it is useful to discuss literature on dissolved organic carbon and
that of total organic carbon in seawater in the same context.
14

1. Dissolved Organic Carbon
Several methods for the determination of dissolved organic carbon
(0.1 to 20 mg/1) have been used. Analysis of organic carbon in seawater
is hindered by the existence of large quantities of inorganic salts which
make the organic constituents minute in comparison. Accepted methods
are generally based on wet oxidation of carbon by acid di chroma te.
Menzel and Vaccaro (1964) developed an analysis of dissolved carbon as
an adaptation of a method by Wilson (1961) which consists of the wet
oxidation of 1 - 5 ml of filtered seawater by potassium persulfate in
a sealed glass ampoule after inorganic forms of carbon have been removed.
The samples were subsequently flushed through a nondispersive infrared
COp analyzer. Approximately 100 samples can be analyzed in a single
day with a precision of ±0.1 mg/1 using a sample volume of 5 ml.
Menzel (1967), and Williams and Gordon (1970) have also used
this method for determination of dissolved carbon in the deep sea while
Williams (1967) modified the procedure somewhat for sea surface chemistry.
The Menzel and Vaccaro analysis was slightly modified and is now con-
sidered a standard analysis in seawater (Strickland and Parson, 1968).
Morris and Foster (1971) utilized ultraviolet photoxidation of one liter
samples followed by gravimetric estimation of the liberated carbon
dioxide. The estimated precision by this method is ±5%.
2. Total Organic Carbon
Van Hall et ai (1963) proposed a method for analysis of organic
carbon in aqueous solutions by high temperature combustion. In their
method, liquid samples were injected into a 950 C furnace and carbon was
oxidized to C0^ in an oxygen atmosphere. The resulting gas, after
removal of water, was measured in an infrared analyzer. Their method
15

was not useable at carbon concentrations below 2 mg/1 nor was it tested
extensively with solutions of high salt concentrations. It has not been
used for oceanographic work because of these limitations. Wangersky
(1965) began development of an analyzer for use with seawater, similar
to that of Van Hall et ai (1963). Sharp (March, 1973) has developed
a prototype for a high temperature combustion method for liquid samples.
Oxygen is purified and used as a carrier gas. The combustion products
pass through a condenser and Mg(C10J
2
drying column into a Beckman
IR-215 nondispersive infrared analyzer with C0
?
-filled detectors and
cells 34.3 cm in length.
Sharp and Wangersky (Sharp, March, 1973) have suggested that
the most accurate method for measurement of organic carbon in seawater
should involve high temperature combustion rather than wet chemical
oxidation. The average precisions of the two methods are comparable
and averages of errors are 5.0 - 5.5%; however the standard method of
persulfate oxidation measures an average of 78% as much carbon as the
high temperature method (Sharp, March, 1973). The works of P.J. Williams
(1969) and P.M. Williams (1969) also seem to give evidence for incom-
plete analysis by the persulfate oxidation method.
Gordon and Sutcliffe (1973) have studied the feasibility of
combusting freeze-dried seasalt at 730 C in a commercial elemental
analyzer (Perkin-Elmer Model 240 Elemental Analyzer). This instrument
was selected because it has a large sample volume capacity and combusts
samples in pure oxygen. The combustion products (N~, COp and H^O) are
subsequently measured by a series of thermal conductivity detectors
separated by appropriate scrubbers. Each complete analysis takes
twelve minutes. The error of this carbon method was estimated to be
16

about 8%, somewhat greater than that reported by Sharp (March, 1973) for
both his high temperature and wet oxidation methods.
Hewlett-Packard has developed a system for the quantitative
analysis of particulate samples using a commercial carbon, hydrogen, and
nitrogen analyzer and calculator system. This model (185B) provides a
reproducible dry combustion method for the rapid oxidation of carbon in
organic matter to gaseous products which are then determined by gas
chromatography. The system was operated at sea and handles five
samples per hour. Furnace temperatures reach 1100 °C and helium is




'The most satisfactory method for analysis of the total
carbon content of sediments of sedimentary rocks appears to be com-
bustion of a sample at temperatures exceeding 1500 C in an atmosphere
of dry, C0
?
-free oxygen. Such temperatures can be reached in high-
frequency induction furnaces in which the sample is mixed with iron and
heated". Similar to seawater analyses, depending on the amount of C0
2
evolved, combustion gases are then passed through a gasometric analyzer,
through absorption trains for gravimetric analysis, or detected by
nondispersive infrared C0
?
analyzers or thermal conductivity sensors
(Carver, 1971). The LECO Carbon Analyzer, used for carbon analysis of
plankton in this report, uses the high frequency induction furnace and








The method of Menzel and Vaccaro (1964) for determination
of particulate carbon consists of concentration of the particulate
matter from a one to four liter sample on a glass fiber or membrane
filter, combustion in an automated furnace at 800 °C in the presence
of CuO, using oxygen as a carrier, and the detection of the resulting
CO,, by infrared absorption. The precision of this method is 10 yg in
a range of - 500 ygC. Approximately six samples can be analyzed in
an hour (Menzel and Vaccaro, 1964).
c. In Zooplankton
The total carbon content of the major taxonomic groups in
net zooplankton from the upper 500 m of the Sargasso Sea off Bermuda was
determined by Beers (1966). Samples of approximately 0.3-2.5 mg were
combusted in a carbon analyzer furnace, the CO- liberated was collected,
and the carbon determined by infrared analysis as in the Menzel and
Vaccaro method.
Curl (1962) also analyzed total carbon in 19 species of
marine organisms and mixed collections. Weighed, oven-dried samples or
standards were placed in zirconium-ceramic crucibles together with one
gram each of low-carbon iron chips and fine granular tin. Analyses
consisted of combustion within the crucibles in the induction furnace
(temperatures up to 2000 °C) and subsequent measurement of evolved C0~
in a gas burette. The average sample was 20 mg of dry weight, and the
carbon concentrations were from 6.6 to 46.8% of dry weight. According
to Curl (1962), the advantages of rapidity and ease of operation of
the induction combustion method for carbon are offset to some extent
by decreased accuracy. However, the LEC0 instrument used in the author's
18

study which has an induction furnace and thermal conductivity sensor,
was both rapid and accurate.
B. APPARATUS DESCRIPTION
1. Operation (after LECO instruction manual, 1974)
The instrument used for particulate carbon analyses in this
study was the LECO (Laboratory Equipment Corporation) High Frequency
Induction Furnace and the LECO 70 Second Carbon Determinator (Figure 1).
In the method, a sample of known weight (0 - 100 mg) is placed in a
ceramic crucible to which is added roughly 1 g of iron accelerator
and 0.7 g of copper accelerator. The crucible containing the sample
is then placed in the high frequency induction furnace within a com-
bustion tube through which oxygen is passed. Since nearly all organic
substances have high dielectric properties and are poor conductors of
magnetic flux (Curl, 1962), samples must be heated indirectly through
the use of the accelerators mentioned previously. The carbon in the
sample is converted to C0~ at temperatures in excess of 1600 C. Metal
oxides either remain in the crucible or are filtered out in a dust trap,
while sulfur gases are absorbed in a trap containing manganese dioxide.
Any carbon monoxide formed is converted to C0
?
in a heated catalyst
tube. The dust trap, sulfur trap, catalyst tube and heater are mounted
on the side of the induction furnace, as seen in Figure 1 . Moisture
is removed in a Dehydrite trap which is mounted on the determinator.
Both CO and moisture, is allowed to pass into the determinator, will
cause erroneous results.
The carbon dioxide formed and the carrier oxygen are collected
in a cylinder. The thermal conductivity of the gas mixture contained





(See Appendix B). The output of the thermal conductivity cell is
read on a special DC digital voltmeter. With the source oxygen in the
cylinder, the thermal conductivity cell is balanced to yield 0.000
output as indicated on the digital voltmeter (DVM). The determinator
utilizes the difference in thermal conductivity between oxygen and
carbon dioxide. With the instrument thus balanced, the output of
the thermal conductivity cell is indicated on the DVM and is proportional
to the amount of C0
?
in the cylinder, assuming there are no other gases
present in significant concentration which would affect the DVM reading.
The preamp, bridge circuit, and cylinder are housed in a
temperature controlled oven where the temperature (45 C) is set above
ambient to eliminate variations which would cause an unbalance of the
thermal conductivity cell or preamp. All the timing functions are
controlled by solid state timers and reliable relays.
2. Maintenance
The only routine maintenance items performed after each run
(20 - 30 samples)were the replacement of Dehydrite, glass wool, and metal
screens in the moisture trap mounted on the side of the determinator
and the cleaning of the dust trap and combustion tube found on the
induction furnace. Another moisture trap for the oxygen supply is
mounted on the side of the determinator. Its Ascarite, Dehydrite, and
glass wool were replaced about every fifth run.
3. Accuracy and Precision
To achieve reliable and consistent results with the LECO Carbon
Analyzer several conditions must be met. The instrument must be turned
on three to four hours prior to the start of the analysis to allow metal
and glass components to reach thermal equilibrium. An electronic
21

checkout and apparatus blanking process are required before analyzing
any samples in each run to ensure that the instrument is calibrated
correctly (See Appendix C). The samples to be analyzed must be dry
since moisture will affect the thermal conductivity sensor. Finally,
in the analysis of a sample the induction furnace plate current should
go to between 400 and 500 mi Hi amperes, which indicates that enough
current has been attained to induce sufficient heating for good com-
bustion.
Steel rings of 1 g each (less than 1% carbon) are recommended
standards for the LECO Carbon Analyzer. During the course of the author's
research, these steel rings were used to determine the accuracy and
precision of this high-temperature dry combustion method for measuring
carbon. On almost all runs in each type of experiment, one to several
of the steel rings were analyzed for their carbon content. Since each
steel ring represents a 1 g sample, the DVM readout is a direct expression
of percent carbon. The estimates of accuracy and precision were found
to be different for each type of steel ring analyzed. Three steel rings
of different carbon content (0.074, 0.383, 0.854% C) were used. The
compiled data for the tests and computations are given in Table I.
The lowest carbon steel ring (0.074% C) demonstrated the largest
inaccuracy. The percent average error, a measure of accuracy, was com-
puted to be ±10.4%, and the percent average deviation was found to be
±11.4% (Masterton and Slowinski, 1970). This seems, at first glance,
to be very disappointing. However, a more realistic test for accuracy
and precision on organic substances from 10 to 50 mg was the 0.383% C
steel ring. Computed estimates of percent average error and deviation
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Mean .0699 .0077 .0079
Error = observed - true value
Deviation = observed - average value
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.383% C Steel Ring
% Average deviation =
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(from mean)
Precision - ± 2.6%
% Average error =
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.854% C Steel Ring
% Average deviation = -'§§2 x ^ 00 = ^*^ 6^
Precision - ±1.2%
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even better results of ±1.1% average error and ±1.2% average deviation.
For the purpose of estimation of zooplankton biomass by the use of the
carbon analyzer, the author considers the reported estimates of accuracy
and precision for the mid- range (0.383% C) steel ring to be the most
applicable. That is, the average percent error (accuracy) and average
deviation (precision) were both determined to be approximately ±3%.
4. Designed Uses and Applications
It must be remembered that the LECO Carbon Analyzer was designed
for sensitive, low carbon measurements (<10%) as evidenced by the recom-
mended use of low carbon steel rings as standards. This carbon analyzer
has been adapted to measuring high (-50%) carbon in organic substances.
The use of small samples, on the order of 10 mg of dry zooplankton for
the estimation of biomass, allowed the resultant measurement of carbon
in these samples since the DVM readouts were in the same order of mag-
nitude as the steel rings.
C. ATP - CARBON ANALYSIS
ATP was measured by the Holm-Hansen and Booth (1966) method as mod-
ified by Dr. Traganza for zooplankton analyses using a JRB Model 1 ATP
Photometer. ATP was converted to ATP-C by the equation: 0.2382 ATP =
ATP-C (Traganza, personal communication).
D. FREEZE-DRYING OF FIELD SAMPLES
Net plankton and laboratory samples (described in section III) were
filtered onto Whatman GF/C glass fiber filters (0.45 ym pore size mesh)
which had been precombusted at 450 - 500 °C for 2-3 hours. These
samples were held in a freezer at -3 C and later "freeze-dried" in
































































shown in Figure 2 employed the use of a vacuum pump (29.2" Hg); a liquid
nitrogen cooled protective trap; a liquid nitrogen cold finger trap; a
condenser (merely the outside surface of the cold finger); and a set
of sample flasks which connect to the unit. A set of 10 to 15 glass
fiber filters and samples were freeze-dried for approximately 20 hours
to ensure complete dryness of the sample before carbon analysis. Replen-
ishment of the liquid nitrogen was required approximately every three
hours. The resultant total use for a twenty hour freeze-drying process
was up to 40 liters of nitrogen at a approximate cost of twelve dollars.
Unfortunately, this procedure is quite costly and time consuming. It
appears to be the single most important limiting factor in the presented
carbon analysis scheme.
E. REGRESSION ANALYSIS
A tape program was used for all fitting of curves to experimental
data by the method of "Best Fit" (Wang Laboratories, Program S. 107-7. 3)
which, according to the program description, calculates the equation
of the line by minimizing the squares of the perpendicular deviations
of the points from the line. This line takes into account deviations
due to the variability in both X and Y value, in contrast to the method
of "Least Squares," which minimizes the squared deviations from the
line in the Y-direction or X-direction. This is especially helpful
with the experimental data in section III since the X (i.e. an approx-
imated mass) and Y (i.e. DVM readout) values are not considered absol-
ute and are subject to deviations. Figures 18-21 show the output of this
program and the "best fit" line which fits the presented data. Neither
X nor Y can equal zero when entering data points to be plotted. Very
small values of X and Y were used with apparatus blanks made both prior
to and following each combustion series.
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In addition to plotting the axes, data points, and line of "best
fit" this program types out the number of data points plotted (n) and
the correlation coefficient (r) of the line of best fit. This coef-
ficient is based on the following formulas:
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The equation used to calculate the line of best fit was Y = a + bX
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According to Chester and Riley (1971), the quantitative estimation
of zooplankton biomass (and production) is a difficult task. "The
estimation of biomass is perhaps the field calling most for standard-
ization but at the present time no one method seems to offer the
poten-
tial for widespread adoption" (Tranter, D.J. and Fraser, J.H., eds, 1968),
In order to evaluate the measurement of zooplankton biomass
using the
LECO Carbon Analyzer, the following experiments were undertaken.
A. STANDARDIZATION
Since the LECO Carbon Analyzer was specifically designed for low
carbon measurement in steel (e.g. less than 10% carbon in steel rings
of one gram each), there was a question to its applicability to
the
measurement of carbon in relatively high carbon content compounds.
An average of 50% carbon in dry weight is commonly assumed for
pelagic
marine invertebrates (Curl, 1962). Two organic compounds with nearly
this carbon content were used in small amounts (0 to 75 mg) to stay
within the detection limits of the analyzer.
1. Benzoic Acid
Benzoic acid is a fairly common chemical standard of known
carbon content (68.8487%), as computed from the total molecular weight
(Hodgman, 1957). Sharp (March, 1973) used benzoic acid solutions for
standardization of his combustion analyzer. Combustion of low mass
samples occurs nicely with copper and iron accelerators. Greater
than
50 mg samples of benzoic acid, however, did undergo rapid
combustion
and small deflagrations did occur.
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A series of three runs of various masses of benzoic acid was
performed and the readouts of the digital voltmeter (DVM) were recorded.
Each of the three runs occurred on a different day. The weight of each
sample was determined on a Mettler microbalance ( 0.1 mg). The normal
apparatus blanking process was accomplished prior to each run (See
Appendix C).
2. Casein
Casein is a common protein with a carbon content of 53.13%
(Heilbron, 1946), roughly paralleling the carbon content of marine
invertebrates. The use of casein as a second standard was employed for
two reasons. First, it was used to determine a second standard curve
to compare with that of benzoic acid. Secondly, casein allowed the
evaluation of possible contamination of the thermal conductivity de-
tector by oxides of nitrogen.
The same procedure used with benzoic acid was applied to casein.
A series of three runs of various masses of casein was performed, and
the DVM values and weights were recorded. Each of the runs again was
done on a different day. Combustion was complete on all but a few
samples, as indicated by the furnace plate current meter. These samples
were discarded.
3. Infrared Analysis
To further test the possible interference of gaseous products,
specifically nitrogen oxides, an analysis of the combustion products
collected in the cylinder of the carbon determinator was performed. A
modification was made in the rear of the determinator to allow passage
of the combustion products from the cylinder to a small 10 cm NaCl






























combustion products was performed on a Perkin-Elmer 337 Grating Infrared
Spectrophotometer. Samples from one of the casein standardization runs
and from field sample analyses were taken as specimens to be analyzed.
The carbon evaluations for these samples are in Table III.
B. CARBON IN Tigriopus californicus
In order to adequately determine the applicability of the LECO
Carbon Analyzer to zooplankton studies, a preliminary test to evaluate
the carbon content of a single copepod species was made. "Tigriopus
californicus is a harpacti coi d, supra- littoral benthic copepod that is
related to the pelagic, planktonic calanoid copepods. Convenience in
choosing a test organism was considered, but at the same time it was
important to use one that was similar to typical zooplanktonic species"
(Baugh, 1974). The Copepoda comprise over 60% of the pelagic animal
families and are, as such, the most common of the zooplankton in number.
Populations of t. californicus were easy to obtain since they live in
splash pools and occur exclusive of any other species along the west
coast of California (Egloff, 1966). Field collections of natural popu-
lations of t. californicus were taken from splash pools above the mean
high-water mark along the rocks that line the beach around Lover's Point
at the southern end of Monterey Bay, California. Identification of the
species was simplified due to the distinctive reddish-orange color and
essentially homospecific nature of the catches. The animals were scooped
from the pools with a number 10 plankton bucket (160 m mesh size).
Once collected, the copepods were kept in a plastic container at
room temperature near a source of sunlight. The only source of nourish-
ment for the copepods was the natural food in the seawater from the
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splash pools. After allowing the collection of r. caiifornicus to
stand for approximately one week, the animals were fractionated into
size groups with the use of a sieve column (Figure 4.) and small "Nitex"
nylon screens of various size meshes. The sieve column was back filled
with pre-filtered seawater prior to fractionation to maximize the
effectiveness of the process.
This experiment was run twice. In the first experiment, three mesh
sizes were employed: 297 ym, 177 pm, and 125 ym. The largest mesh size
was placed at the top of the sieve column and so on, down to the smallest
mesh size at the bottom. In the second experiment, as a result of lessons
learned in size fractionation of this species, larger mesh size screens
were used: 420 ym, 320 ym, 297 ym, and 250 ym. It was hoped that this
approach might give answers as to the variation of carbon content in
the different life stages of t. caiifornicus as delineated by the dif-
ferent size fractions (see Figures 5(a) and (b).
After fractionation, the nylon screens, with hundreds of copepods
of each appropriate size range, were placed in the freeze-drying unit
(Figure 2.) for approximately 20 hours (minimum drying time may be less).
Carbon analysis was done on the freeze-dried organisms which were care-
fully scraped into the ceramic crucibles. The crucibles were pre-
weighed in order to determine the mass of each sample being analyzed.
The mass and DVM reading of each sample were recorded in both experiments.
The data from these experiments is given in Table IV.
C. ATP-CARBON TO TOTAL CARBON RATIO IN Tigriopus caiifornicus
Two joint experiments were conducted with Dr. Traganza to examine
the ATP-C to total C (carbon) ratio in the test organisn and to deter-





Figure 4. Sieve columns used for screening size fractions
36
























































Collections from natural populations of t. caiifornicus were made
in the same manner as mentioned in the previous experiment. The organisms
were fractionated into size groups with the sieve column and Nitex nylon
screens of various meshes. In the first experiment, two screen sizes
were used: 420 ym and 297 ym. To obtain a better representation
similar to the zooplankton net size fractions used in the field studies,
a third screen of 250 ym mesh size was added for the second experiment.
After fractionation, the organisms were washed from the screens into
glass tissue homogenizers for ATP extraction in 40 ml hot (=O00°C)
TRIZMA buffer solution (pH = 7.7). The "particulate" homogenate was
captured on a 0.45 ym mesh Whatman GF/C (type C) glass fiber filter, at
full vacuum (29.2" Hg). The filters were preburned for two to three
hours at 450 - 500 C to remove organics. The oven and filtration unit
are shown in Figure 6. ATP analysis was performed on 0.5 ml of a
2 ml aliquot (liquid) which was taken before and after filtration. The
suspended particulate C in the before filtration aliquot was accounted
for in the calculation of total C. Any non-ATP carbon which dissolved
in the TRIZMA extract was not accounted for but was presumed to be
insignificant. The particulate matter collected on the filter was
freeze-dried and analyzed for carbon.
The first experiment consisted of one fractionation yielding six
samples: three in the range of 297 to 420 ym; two greater than 420 ym;
and one control filter containing no organisms. In this scheme the
effect of filtration on ATP analysis was tested. Hence, two values
of ATP-C were obtained for every one carbon determination. In the
second experiment, however, the aliquot for ATP analysis was taken
after fractionation and no correction was necessary for particulate C.
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Fiqure 6. Oven for precombusting glass filters (left) and
filtration unit used in ATP-C to total C experiment.
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Therefore, two similar experiments on two different size fractions were
performed. The data from these experiments is given in Table V.
D. ATP-C AND CARBON ANALYSES IN ASSOCIATION WITH FIELD STUDIES
The development of meaningful acoustic models related to oceanic
food chains requires a knowledge of the variation of the biomass of
planktonic organisms in the ocean. A series of five cruises in 1974
were made to evaluate experimentally the relationship of ATP-C to total
carbon in zooplankton. ATP and carbon analyses were made on "net zoo-
plankton" samples to determine living and total carbon in each catch as
a measure of seasonal variability of zooplankton biomass. The first two
cruises provided experience in the proper use of shipboard equipment and
sampling apparatus. The following three cruises (May, July, and August)
provided the basic data for the studies.
All cruises were conducted on board the R/V ACANIA (Figures 7(a) and
(b)), the research vessel of the Naval Postgraduate School. The cruise
area used in all studies is shown in Figure 8. Its center was approxi-
mately fifteen miles from the Monterey Coast Guard Pier and covered an
area of about 80 square miles. This "deep-ocean" site was chosen to
minimize confusion from neritic species. Once on station, a parachute
drogue was set for a depth of 30 meters and placed in the water to serve
as a water mass reference. All stations were made with reference to the
drogue, as shown diagramatically in Figure 10(b). The use of the drogue
was an attempt to allow sampling in a water mass with which the plankton
moved. This eliminated horizontal advection effects so as to detect the
intrusion of vertically migrating species at night. It also permitted
an attempt to use a search pattern for biomass maxima which may be asso-
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Figure 8. Cruise area for all stations
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approach was obtained by T-S diagrams. The geographic plots of the
drogue track and sampling positions for the cruises are displayed in
Figures 9(a), 10(b), and 11(b).
The search pattern represented in the second cruise (July), shows an
X-type station plot relative to the drogue (Figure 10(b)). In this case,
the drogue migrated almost due north. The station positions demonstra-
ted an almost ideal search pattern based on an optimum search technique
under evaluation.
The sampling scheme consisted of an in-line multiple net vertical
tow from 200 meters to the surface. The in-line system of nets contained
five different mesh sizes with the coarsest net on top down to the finest
at the bottom. The first generation net system (used on the first cruise
in May) is one of several sampling schemes under evaluation by Traganza
(see Figures 12(a) and (b)). The net system was attached to the hydro-
wire and run tail first to 200 meters and then back at 40 m/min. Each
bucket was removed from each net. The five corresponding mesh sizes for
nets #3, #6, #8, #10, and #14 were > 333 urn; 333-243 pm; 243-202 pm; 202-
160 pm; and 160-102 pm. The net sample from the bucket was then concen-
trated on Nitex nylon screens with the sieve column. In some cases, the
sample was split with a "plankton splitter" before being poured into the
sieve column in order to lessen the bulk of organic material. The nor-
mal extraction and grinding routine followed for ATP analysis, and the
particulate material collected on glass filters was frozen in the ship's
freezer (<-3 C). These samples were later freeze-dried and analyzed for
carbon. ATP samples were also frozen until analysis ashore. In addi-
tion to the accumulation of total (i.e., the sum of living plus dead)















Figure 9(a). Drogue track and geographic station





Figure 9(b). Water mass station plot relative
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Figure 10(a), Drogue track and geographic station












Figure 10(b). Watermass station plot relative


























Figure 11(a). Drogue track and geographic station

























Figure 11(b). Watermass station plot relative
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Figure 12(a). First qeneration net system on deck.
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Fiqure 12(h). First generation net system on the
Cldrke-bumpus sampler attached to the hydrowire.
S3

Figure 13(a). Second generation net system on deck








taken while at sea. Nansen bottle casts were used to determine T-S dia-
grams and to collect nutrient samples for analyses with a "Technicon
Autoanalyzer". Weather, sounding, and sea surface temperature data were
also observed. A mechanical BT was attached to the second generation
net system to determine the exact depth of the tow and to examine the
temperature profile. The results of this data will be presented at a




The experiments described above were conducted to determine the
quantitative capability of estimation of zooplankton biomass by carbon
analysis with the LECO Carbon Analyzer.
A. STANDARDIZATION
1. Benzoic Acid
The various weights (o - 50 mg) and corresponding DVM readings
from each of the runs of benzoic acid are given in Table II. The ap-
paratus blank values, which are included despite the small ness of their
numbers, were considered to be part of the analysis procedure. Thus,
by approximation of negative and near zero readings and of small weights,
the analysis of copper and iron accelerators alone (called "blanks")
contributed to the data taken and the subsequent results. Since benzoic
acid has a known carbon content (68.8487%C), each of the weights of the
standard were converted to carbon (mg).
The composite graph of benzoic acid data points for the DVM
readings and weights was plotted by the method of "Best Fit" and is shown
in Figure 14(a) . The linear relationship and high correlation
coefficient (r = 0.9830) of this graph indicates that the DVM reading
was directly proportional to the weight of the benzoic acid sample.
After conversion of all weights to carbon, the composite graph of
DVM readings and corresponding carbon values were plotted using the
method of "Best Fit," also (Figure 14(b). This plot represents a "standard
curve" since the carbon content of any benzoic acid sample of unknown





































Total number of data points on Run #1 : n = 14
Run #2













































Total number of data points on Run #2: n = 16
Mass (mg) DVM Carbon (mg)

























Blank 0.1 .001* .06885
Blank 0.1 .001* .06885
Blank 0.1 .001* .06885
Total number of data points on Run #3: n = 19
*DVM of these blanks represent averaged small positive values <+.002
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Figure 14(a). Composite graph of the












n = 50 r = 0.9832
Y = 0.0335 + 0.0652 X
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Figure 14(b). Standard curve for benzoic acid.
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the carbon content, X, by using the equation of the standard curve and
substituting the DVM reading for Y or by using the graph itself. The
linear plot and high correlation coefficient (r = 0.9832) of the benzoic
acid standard curve suggest a direct relationship between DVM and carbon.
2. Casein
The various weights (0-71 mg) and corresponding DVM values and
weights, including apparatus blanks are given in Table III. As was the
case in benzoic acid, the linear relationship and high correlation coef-
ficient (r = 0.9802) of this graph demonstrate that the DVM reading was
directly proportional to the weight of casein sample (Figure 15(a)). Note
that the equation of this line is very different from that of the DVM
versus sample weight for benzoic acid (Figure 14(a)). The "standard curve"
for casein (53.13% C) was also plotted after conversion of each weight
sampled to carbon. Again, a linear plot and high correlation coefficient
(r = 0.9802) of the casein standard curve propose a direct relationship
between DVM and carbon (Figure 15(b)).
3. Infrared Analysis
Interference with the DVM reading was evaluated by infrared analy-
sis of the gaseous combustion products which entered the thermal conduc-
tivity cell in consideration of possible nitrogenous oxides. Two casein
samples denoted in Table III, and one freeze-dried plankton sample (see
Appendix D, Cruise 7403) were selected for evaluations. All three were
potential sources of oxides of nitrogen in the combustion products since
they contained protein, a source of nitrogen. Because temperature reached
1600 C in the induction furnace during the combustion process, this reac-
tion was a source of NO (nitric oxide). At the high temperatures, NO,,


























Total number of data points on Run #1 : n = 18
* DVM of these blanks represent small negative values.
**These samples were also used for Infrared analysis.
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DVM Carbon (mg)





























































Total number of data points on Run #2: n - 18













































Total number of data points on Run #3: n = 19
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Figure 15(a). Composite graph of the
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Figure 15(b). Standard curve for casein
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Seager, 1972). The presence of NO can be seen in all samples in the
infrared spectra (Figures 16(a) and 17(a)) at a frequency of about 800 cm
(Pouchert, 1970). Even the blank and carrier gas (0? ) samples show a peak
in the spectrum at a frequency near 800 cm" , indicating that some nitro-
gen entered the system at some time, e.g., when the furnace was unloaded
and loaded. By visual inspection the relative magnitudes of the NO peaks
appear to be roughly equal and low compared to C0
?
, which implies a con-
stant amount of NO formation. Thus, due to the constancy of the NO peak,
no biased results occurred from NO interference. No significant peaks




The near-infrared spectra of Figures 16(b) and 17(b) show a strong
C0p peak at a frequency of about 2349 cm (Pouchert, 1970) in both casein
samples and plankton sample. The carrier gas (0
? )
and "blank" samples
(accelerators only) do not have this peak as one might expect (Figure 23).
A possible harmonic peak of C02 exists in the infrared spectrum near
1270 cm" (Dr. C. F. Rowell , personal communication) of the samples shown
in Figures 16(a) and 17(a).
A final possibility for nitrogen was the presence of N~0 (nitrous
oxide). This gas has a thermal conductivity at 27 C of 4.13 cal sec
cm" deg" compared to 3.96 cal sec" cm" deg" for C0
2
(Ewing, 1972).
Not only might this gas affect the DVM reading like other oxides of
nitrogen, but its presence would affect the thermal conductivity sensor
in very much the same way as C0
?
. Only by infrared analysis or some other
means could this be tested. All of the samples indicate that there is no
noticeable N
?
peak (Pouchert, 1970) in the infrared spectrum and that
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B. • CARBON CONTENT IN Tigriopus californicus
Two different experiments were attempted to quantitatively determine
the total carbon content of the test organism. In both sets of carbon
analyses, the DVM readings were converted to carbon by using a combined
standard curve based on benzoic acid and casein. Its particular use is
further explained in the Discussion and Conclusions section.
Weights (0-20 mg) of freeze-dried t. californicus and corresponding
DVM readings from both experiments are given in Table IV. In the first
experiment, all samples were of one size fraction, (greater than 297 m)
while in the second experiment several size fractions were used. The DVM
readings and weights were plotted by the method of "Best Fit" and are
shown in Figures 18(a) and (b). Blanks were included in this and all
other graphs associated with the carbon content experiments. The linear
relationships and high correlation coefficients (r = 0.9903 and r - 0.9928
respectively) of the first and second experiments indicate that the DVM
reading was directly proportional to the weight of the sample. After con-
version of all DVM readings to carbon (Table IV) two graphs of carbon and
sample weight were plotted in the same manner for each experiment (Figures
19(a) and (b)). The linear relationships and high correlation coeffi-
cients (r = 0.9893 and r = 0.9917, respectively) of these graphs indi-
cate a direct proportionality of the carbon to weight in t. californicus.
The final "Best Fit" plot (Figure 20) is a combination of the carbon and
sample weights from both experiments.
Table IV also shows the percentage of carbon to freeze-dried weight
for each sample analyzed. A mean carbon percentage was computed to be
40.27, for the first experiment (excluding the very small sample of 0.3 mg




PERCENT CARBON DETERMINATION FOR tigriopus californicus
Experiment 1
Fraction Size Mass (mg) DVM Carbon (mg) %C (C/mass x 100)
>297 vm 0.3 .019 .2808
93.60
>297 1.2 .042 .6208 51.73
>297 0.6 .011 .1626 27.10
>297 0.3 .001 .0148 49.33
>297 1.5 .042 .6208 41.39
>297 1.1 .026 .3843 34.94
>297 3.0 .068 1.005 33.50
>297 2.4 .040 .5912 24.63
>297 5.6 .167 2.468 44.07
>297 5.2 .164 2.424 46.61
>297 14.3 .389 5.750 40.21
>297 10.3 .340 5.026 48.90
blank 0.1* .001
Blank 0.1 .0001
n = 14 for DVM vs. mass
N = 12 for C(mg) vs. mass (mg)




Fraction size Mass (mg) DVM Carbon (mg) %C (C/mass x 100)
>420 yfll 12.9 .292 4.318 . 33.47
>420 6.6 .143 2.114 32.03
420 - 320 3.5 .089 1.316 37.60
420 - 320 8.1 .192 2.840 35.06
420 - 320 11.3 .298 4.407 39.00
320 - 297 2.0 .055 .8135 40.68
320 - 297 11.9 .298 4.407 37.03
320 - 297 3.8 .098 1.449 38.13
297 - 250 0.6 .027 .3993 66.55
297 - 250 0.2 .007 .1035 51.75
>420 28.7 .708 10.47 36.48
>420 8.9 .222 3.283 36.89
>420 10.1 .252 3.727 36.90
>420 9.7 .242 3.579 36.90
>420 12.2 .332 4.910 40.25
420 - 320 11.3 .332 4.910 43.45
420 - 320 14.0 .354 5.236 37.40
420 - 320 16.0 .375 5.546 34.66
320 - 297 9.4 .215 3.179 33.82
320 - 297 11.5 .252 3.727 32.41
320 - 297 21.0 .496 7.336 34.93
297 - 250 5.0 .101 1.494 29.88
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Fraction size Mass (mg)
297 - 250 m 3.8













n = 26 DVM vs. mass
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Figure 20. Combined data plot from both experiments
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experiment. No significant deviations were found in the carbon percent-
ages of different size fractions in the second experiment. Finally, a
combined mean carbon percentage of both experiments was computed to be
38.6%. Curl (1962) determined the total and organic carbon in terms of
percent dry weight in "mixed copepods" to be 35.6% and in Caianus finmar-
chicus, a well-known pelagic copepod , to be 39.8%. The inorganic carbon
in all but one of the 19 species and mixed collections of marine organisms
that Curl analyzed was found to be negligible. Assuming that no signifi-
cant inorganic carbon was present in Tigriopus caiifomicus , the value of
38.6% carbon agrees well with Curl's data of total and organic carbon in
copepods.
C. ATP-CARBON TO TOTAL CARBON RATIO IN Tigriopus caiifomicus
The ATP-C to total C ratio was examined in order to determine the ratio
of ATP to cell carbon and its constancy by different size groups in the
test organism. The organisms analyzed for ATP and carbon were assumed to
be alive (dead and detrital particulate matter passed through the screens).
Table V shows the ATP-C and carbon data from the first and second
experiments, respectively. Also noted are the corrections applied and the
size fractions of t. caiifomicus used in the experiments. The "Best Fit"
plots of ATP-C against total C are given in Figures 21(a) and (b) for the
first and second experiments, respectively.
A third graph was done of the combined data from both experiments
(Figure 21(c)). The 297-250 ;im fraction was excluded since it was not
common to both experiments and may have contained detritus. No signifi-
cant differences were observed in the ATP-C total C ratio (Table V)
between different size fractions. The linear relationship and correlation




ATP CARBON TO CARBON RATIO IN tigriopus californicus
Experiment 1
Fraction size Mass (mg) DVM Carbon (mg)
(ym) Approximate Uncorrected
> 420 6.2 .292 4.319
> 420 8.0 .230 3.400
420 - 297 7.3 .275 4.067
420 - 297 12.0 .487* 7.203
420 - 297 8.0 .218 3.222

































Three corrections applied to DVM derived carbon:
1. Volume extraction correction (added)
2. ATP-Carbon in ATP analysis (added)
3. Control contributed carbon (subtracted)















(mg) ATP-C (mg) Ratio
.384 5.679 5.636 .0158 .2803
>420 19.5 .387 5.724 5.679 .0144 .2536
420-297 23.6 .388 5.739 5.695 .0154 .2704
420-297 23.5 .357 5.280 5.235 .0143 .2732
297-250 12.4 .119 1.760 1.707 .0060 .3515
Control 0.1 .004 .059
Run 2
>420 15.3 .311 4.660 4.556 .0138 .3029
>420 10.5 .141 2.086 1.973 .0060 .3041
420-297 17.8 .325 4.807 4.701 .0115 .2445
420-297 18.1 .468 6.922 6.821 .0166 .2434
297-250 15.8 .073 1.080 .9643 .0023 .2385
Control 1.5 .008 .118
Two corrections applied to DVM derived carbon:
(1) Control contributed carbon (subtracted)
(2) ATP-Carbon in ATP analysis (added).
















































n * 10 r = 0.9569
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n = 10 r = 0.9813
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Figure 21(c). Combined data plot of both experiments,
ATP-C to total C ratio.
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to total C ratio in both size fractions. A mean percentage of ATP-C to
total C from the data of the graph yielded 0.26%. Balch (1973) has re-
ported a mean of 0.89% for the ATP-C to total C ratio, 0.78% for total
carbon, and 1.89% for non-1 ipid body carbon, in Caianus finmarchicus .
Holm-Hansen (1970) determined that "during exponential growth in batch
culture, cellular contents of ATP remained at fairly uniform levels in
unicellular algae and averaged 0.35% of the cellular organic carbon con-
tent."
From the assumption that analyses were made on live organisms, the
total carbon determinations were considered to be a measure of the carbon
present in living cells, i.e., "living carbon" or C. . Thus, the ratio
can be expressed such that ATP-C/C, = R, where R is the ratio and C, is
"living carbon". Since this mean ratio was determined for r. californicus
as 0.2534 x 10 , ATP measurements converted to ATP-C can be combined with




which is approximately 380(ATP-C). All determinations of living carbon
stemmed from this equation.
D. ATP-C AND CARBON ANALYSES IN ASSOCIATION WITH FIELD STUDIES
ATP and carbon analyses were made on "net zooplankton" samples from
three cruises taken in the Monterey upwelling area (Appendix D). These
analyses were used to compute total (C), living (C. ), and dead carbon
(C
n
= C - C. ) , in each of the five net fractions for each station.
(H3 = > 333 urn; //5 = 333-243 imr, #8 - 243-202 urn; //10 = 202-160 nm;
#14 = 160-102 nm). The values were computed in terms of surface area
(per square meter). The nose cone used in both net systems sampled a
0.041 m column (0-200 m) of ocean and the resulting determinations were
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converted to a square meter. Total carbon determinations on the "net
zooplankton" samples were made using the LECO Carbon Analyzer. The use
of ATP measurements and the ATP-C to carbon ratio in t. califomicus was
employed to compute living carbon estimates. The dead carbon estimates
were computed by taking the difference between total and living carbon.
Again, based on Curl (1962) the inorganic carbon in the marine organisms
was presumed to be negligible. Thus, total particulate analysis of the
"net zooplankton" samples represented total organic carbon.
Time series plots of total, living, and dead carbon for all cruises
are given in Figures 22(a), (b), and (c), respectively. Night and day
stations are indicated. Trend lines are also shown by connecting night
and day mean values for each net fraction for each cruise. No adjustments
were made to allow for minor errors in the data indicated in Appendix D.
The trend lines shown in the summary plots indicate that there was an
increase in biomass and in total, living and dead carbon mean estimates
in each of the net fractions collected on the cruises from May to July,
followed by a slight decrease in early August. Two net fractions pro-
vided exceptions to this trend, since #8 (243-202 um) and #10 (202-160 ym)
net fractions remained relatively constant. Living (C, ) and dead (C
n
)
carbon in fractions #6, #8, #10 and #14 reached a maximum of about 200
mg/m m whereas the highest value for any station for total carbon (i.e.,
2
the sum of living plus dead (C)) was about 300 mg/m . The unbounded upper
2fraction (#3) contained up to 2000 mg/m of total carbon and up to 800
2 2
mg/m for living and 1600 mg/m for dead carbon. Significant differences
in night and day stations of each cruise occurred, e.g., the difference
was greater than 50% of the mean C. (day) in the #6 fraction in July (see
Discussion and Conclusions). Since the size fractions were only approxi-





























Figure 22(a). Total carbon (C) per surface area. + = night station,


































Figure 22(b). Living carbon (C L ) per surface area. + = night station,
























Figure 22(c). Dead carbon (C n ) per surface area. + = night station,
o :: day station. night, day.
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fractions. For example, in the most obvious case, the #3 net fraction
(> 333 ym) which had no upper limit contained greater biomass than the
lower fractions. The #6 net fraction (333-243 ym) also had a greater




V. DISCUSSION AND CONCLUSIONS
A. LABORATORY WORK
It has been established that organic carbon analysis is a sensitive
and reliable test of the biomass of marine organisms, i.e., zooplankton.
The use of the LECO Carbon Analyzer, adapted and used for all total car-
bon analyses, demonstrated a rapid (70 seconds), consistent, and accurate
measurement of carbon in benzoic acid (a non-protein) and casein (a pro-
tein), the two chemical standards, in samples of less than 71 mg. Further-
more, the comparison of the two standard curves in Figures 14(b) and 15(b)
of these organic substances reveals a \/ery close relationship of DVM to
carbon in the two different standards. If a benzoic acid or casein sample
were combusted, therefore, the use of either standard curve to convert the
DVM reading would yield the same measurement of carbon. There seems to
be no interference of gaseous combustion products, i.e., oxides of nitro-
gen, with the thermal conductivity cell of the LECO Carbon Analyzer as
demonstrated by the similarity of the two standard curves and the infra-
red analyses. Thus, it was assumed for further carbon analyses that the
measurement of carbon in zooplankton could be based on the "standard
curve" for benzoic acid and casein, i.e., direct conversions of DVM read-
ings to zooplankton carbon could be made.
All DVM conversions to carbon in all but the standardization experi-
ments were actually based on combined standard curve for benzoic acid
and casein. The equation of the composite graph of DVM against weight of
benzoic acid for three runs was found to be Y = 0.0101 + 0.0465507 X
(Figure 14(a)). For the range of plankton samples in this study, (^5-20 mg)
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the above equation was approximated by Y = 0.04656 X for computational
purposes. The resulting standard curve, using this equation, a 10 mg
sample of benzoic acid, and its carbon content, was Y = 0.06763 X. This
equation was manipulated to yield X = 14.79 Y, where Y is the DVM reading
and X is the carbon in mg. The equation of the composite graph of DVM
against weight of casein for three runs was determined to be Y = 0.0073
+ 0.03592. As before, for the sample range of interest, this equation
was approximated by the following form: Y = 0.03592 X. The conversion
of this equation to that of the standard curve, using a 10 mg casein sam-
ple and its known carbon content, resulted in the equation: Y = 0.06761 X.
Manipulating this casein standard curve equation lead to the same result
determined by the benzoic acid standard curve equation: X = 14.79 Y,
where Y is the DVM reading and X is carbon in mg. Thus, measurements of
carbon (mg) were obtained on the basis of multiplying the DVM value times
14.79. These approximations of slope to obtain a zero intercept could
have lead to an error in carbon calculations of up to ±3% at high or low
values by the standard curves. This error is still less than that found
in other total carbon analyses which are usually greater than 5%.
The determination of the total or organic carbon content in t. cali-
fornicus demonstrated a good measurement of carbon in a single copepod
species. This mean carbon content of 38.6% of the freeze-dried weight
agrees well with Curl's data on the carbon content in copepods (1962).
Thus, it was shown that carbon analysis using the LEC0 Carbon Analyzer
could be extended to freeze-dried plankton in determining total carbon
(i.e., the sum of living plus dead).
The examination of the ATP-C to total C ratio in r. califomicus
resulted in a mean ratio of 0.2634 x 10
2
or 0.2634%, which could be used
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to convert ATP to living carbon. The constancy of the determined ratio
from the data in these experiments suggests that no nonliving particulate
matter was present and that there was no difference in two different size
groups. The two experiments were each conducted in a slightly different
manner. The effect of filtration, tested in the first experiment, caused
no significant changes in the ATP measurements of before and after filtra-
tion. Control analyses consisted of filtering the TRIZMA buffer solution
by itself and were done to investigate the effect of the ATP extraction
on ATP measurements of the solution passing through the filter, as well
as carbon measurements of the freeze-dried filter. The result in both
experiments was a small control correction, usually subtracted from the
original measurements of ATP and carbon. Suspended carbon carried over
in the ATP aliquot was corrected for in the first experiment, i.e.,
2/extraction volume x total C was added to total C. No corrections were
made for dissolved non-ATP-C or possible losses on experimental apparatus.
Corrections inherent in the ATP and carbon methods of measurement might
have been necessary, but the constancy of the ATP-C to cell carbon ratio
in the test organism suggests that consistent analysis procedures were
used, and the ratio is accurate, assuming these corrections were insigni-
ficant. Separate sievings of the test organisms produced no significant
differences in the ATP-C to total C ratio. No significant differences
occurred between different size fractions. Two replicated size fractions
(297-250 vjm) were excluded from the combined data graph (their ratios were
0.24 and 0.35%) of ATP-C against total C in the determination of the mean
ratio, since these fractions were not common to both experiments and may
have contained detritus. Based on the assumption of live organisms in






measurement of the amount of living carbon (C. ) expressed as R
This relationship was later used in the form C. = -jHATP-C) % 380(ATP-C)
to compute living carbon estimates in "net zooplankton" samples. These
estimates of living biomass were based on the constancy of the ATP-C to
total C ratio in t. caiifomicus and its further application to all mar-
ine organisms caught by the nets.
B. FIELD STUDIES
No existing sampling net takes a representative sample of all types of
zooplankton in any given area (Mullin, 1969). However, the in-line mul-
tiple net system utilized in this study was designed by Dr. Traganza in
an attempt to separate trophic size groups by approximate size fractions
which would include organisms which were predominantly herbivorous. The
importance of herbivores in sound scattering models is a subject of
another study (Traganza, 1974).
The sampling technique employed several hypotheses on the distribu-
tion of zooplankton in the ocean. For example, as illustrated by Black-
burn, et al (1970) the amount of chlorophyll a_ below 150 m in the eastern
tropical Pacific is negligible. Thus, the herbivores and phytoplankton
were assumed to be in this upper layer of the ocean. The herbivorous
plankton as grazers of the phytoplankton were generally assumed to be
indigenous to this region or they migrate vertically to it from depth. A
sampling depth of 200 m, which would include the euphotic zone, was thus
chosen as the limiting depth of the vertical net tow. No correction was
made for unintentional sampling at greater or lesser depths. Appendix
gives the depths of the tows.
The zooplankton populations were assumed not to be uniformly or ran-
domly distributed, but rather in "patches" (Margelef, 1967) which are
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strongly dependent on space and time manifestations of an organization
related to hydrographic distributions such as eddies, areas of strong
vertical mixing, upwelling domes, internal waves, Langmuir circulation,
convergences and divergences, etc. (Traganza and Stewart, 1973). These
"patches" were assumed to be on the order of miles or tens of miles (Cush-
ing and Tungate, 1963). The practical approach used to consider these
"patches" was to study a volume or water mass defined by coordinates
relative to a drogue. Each cruise began from nearly the same geographic
location. The use of the drogue to mark the water mass eliminated hori-
zontal advectional effects and resulted in the station positions being
taken relative to the drogue. The X-shaped station pattern was based on
an optimum search technique which was used to minimize the zooplankton
patchiness problem and locate maximum concentration of zooplankton in a
search area (Traganza, 1974).
Estimates of total, living, and dead zooplankton biomass by carbon
analysis and ATP measurements demonstrated a definite seasonal trend over
the period of the three cruises. Explanation of these results is beyond
the scope and intent of this thesis. However, it is clear that the meth-
odology developed in this study is a rapid (70 seconds), precise (±3%)
and accurate (±3%) measurement of zooplankton biomass carbon.
If such estimates of zooplankton biomass by carbon analysis are com-
bined with biomolecular characteristics of zooplankton, e.g., ATP, and
related to chemical properties of the environment, predictive sound scat-




After reviewing carbon research and reflecting on the experiences
and knowledge gained in this thesis, the author makes the following rec-
ommendations:
(1) Further verification of the derived standard curves of the LECO
Carbon Analyzer should be done with other standards in future studies
which use them directly for carbon calculations in zooplankton.
(2) A sieve column for carbon samples, which would use stainless
steel bolting cloth screens for concentration of the sample
(these steel bolting cloth screens would fit into a crucible for direct
carbon analysis after freeze-drying) should be tried.
(3) A more efficient commercial freeze-drier (2-3 hour drying time)
is needed.
(4) Carbon analyses should be attempted at sea with the LECO Carbon
Analyzer combined with one-week or longer cruises to make dirunal and
several day studies to allow duplicate sampling.
(5) Acoustic measurements should be made in the same region to test
the application of zooplankton biomass estimates to sound scattering.
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APPENDIX A - VOLUME REVERBERATION THEORY
"The scattering of sound by biological populations in the upper
layers of the ocean can place practical limits on the operation of low
frequency (2 - 20 kHz) sonar" (Traganza and Stewart, 1973). The argu-
ment is outlined quantitatively from Batzler, Vent, and Davis (1968) as
follows.
The echo level, EL, depends on the target strength, TS; the source
level, SL; and a logarithmic function of the depth of the water column,
H, such that
EL = SL + TS - 2H.
The volume reverberation level, RL , the most variable and unpredict-
able of the reverberation sources, depends on the source level, SL; the
area insonified, A; the integrated water column scattering strength, S ;
and a logarithmic function of the depth, H, such that





A = r<j> x ct/2 x sec
c = speed of sound in seawater, x = pulse duration, <j> = beam width, =
transducer tilt, and r = horizontal range to the target. The integrated












where s (z) is the scattering strength of any segment of the layer lying





S is dependent on the type and density of scatterers that give
rise to reverberation and represents the amount of reverberation by
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APPENDIX C - CALIBRATION INSTRUCTIONS
(After LECO Instruction Manual, 1974)
Listed below are the basic steps which one would take prior to
analysis of samples using the LECO Carbon Analyzer after completion of
the electronic checkout:
1. Turn on the FILAMENT switch of the induction furnace; after one
minute, turn on the HIGH VOLTAGE switch of the induction furnace.
2. Open and close the leading tray of the induction furnace.
3. Turn the BLANK switch on the determinator OFF if it is on.
4. If the DVM HOLD switch is not glowing, depress it to turn it on.
5. Turn the FUNCTION SELECT switch to the OPERATE position.
6. Depress the ANALYZE switch to initiate the timing sequence. The
switch will glow green before starting and will glow white at the time it
is depressed and throughout the timing sequence. The oxygen should start
flowing at this time also.
7. Set the oxygen flow through the purifying train to 1.5 liters per
minute during the first 20 seconds after depressing the ANALYZE switch.
8. When the DVM HOLD and ANALYZE switches stop glowing, signifying
an end to the 70 second timing sequence, open and close the furnace, but
do not load a crucible.
9. Depress the ANALYZE switch to initiate a bridge balance determin-
ation. The determinator will go through the timing sequence again.
10. When the ANALYZE light stops glowing, the reading on the DVM
should be 0.000 + 0.002. If not, adjust the BRIDGE BALANCE FINE and/or




11. Repeat steps 8 through 10 with the DVM HOLD glowing for verifi-
cation of bridge balance zero. Repeat if necessary.
12. Place a scoop of LECO iron chip accelerator and a scoop of LECO
copper metal accelerator in a crucible.
13. Open the loading tray and place the loaded crucible on the cera-
mic pedestal. Close the loading tray and swing the counterweight arm
against the POWER button of the induction furnace.
14. Depress the ANALYZE and DVM HOLD switches to start the timing
sequence. The oxygen flow will not go to zero during pre-burn as before.
The induction furnace plate current should go to between 400 to 500 milli-
amps before the red light of the induction furnace stops glowing.
15. The reading on the DVM will give an indication of the percentage
content of argon in the oxygen tank. Depress the BLANK switch to turn it
on and depress the DVM HOLD to turn it off. Adjust the BLANK control to
bring the DVM reading to approximately 0.000% C. This is a rough setting
of the BLANK.
16. Repeat steps 12 through 16 with the BLANK switch on for a verifi-
cation of the blank adjustment.
17. Repeat steps 8 through 10 with the' DVM HOLD glowing for verifica-
tion.
18. Repeat steps 12 through 16 with the BLANK switch on for a final
"blank" adjustment.
The blanking process can be further amplified by finer calibration
with LECO steel rings. These instructions are given in the LECO Instruc-
tion Manual. This amplifying procedure was not used due to the time
involved with further calibration and the number of samples required to
complete the steel ring calibration. The ^ery slight increase in accu-
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